Blue-light absorption by the flavin chromophore in light, oxygen, voltage (LOV) photoreceptors triggers photochemical reactions that lead to the formation of a flavin-cysteine adduct. While it has long been assumed that adduct formation is essential for signaling, it was recently shown that LOV photoreceptor variants devoid of the photoactive cysteine can elicit a functional response and that flavin photoreduction to the neutral semiquinone radical is sufficient for signal transduction. Currently, the mechanistic basis of the underlying electron-(eT) and proton-transfer (pT) reactions is not well understood. We here reengineered pT into the naturally not photoreducible iLOV protein, a fluorescent reporter protein derived from the Arabidopsis thaliana phototropin-2 LOV2 domain. A single aminoacid substitution (Q489D) enabled efficient photoreduction, suggesting that an eT pathway is naturally present in the protein. By using a combination of site-directed mutagenesis, steady-state UV/Vis, transient absorption and electron paramagnetic resonance spectroscopy, we investigate the underlying eT and pT reactions. Our study provides strong evidence that several Tyr and Trp residues, highly conserved in all LOV proteins, constitute the eT pathway for flavin photoreduction, suggesting that the propensity for photoreduction is evolutionary imprinted in all LOV domains, while efficient pT is needed to stabilize the neutral semiquinone radical.
the excited triplet state (LOV715; Fig. 1B ). Subsequently, a covalent bond between a strictly conserved cysteine residue in the vicinity of the flavin chromophore and the C4a atom of the FMN isoalloxazine ring is formed 3, 13 , resulting in the loss of absorbance at 450 nm and a concomitant increase in absorbance at 390 nm (LOV 390 ; Fig. 1B ). The exact mechanism of adduct formation is still under debate, however a radical-pair mechanism is thought to be most likely 3, [14] [15] [16] , following the idea that formation of the triplet state induces electron and proton transfer reactions from the conserved cysteine resulting in the rapid reduction of FMN by the thiol group of the cysteine to form a neutral radical pair (FMNH • /Cys-S • ). In turn, the radical pair recombines to form the FMN-cysteinyl-thiol adduct with the N5 atom of the flavin being protonated (LOV390; Fig. 1B ). In particular, the built up of the radical intermediate has not been proven unequivocally for a wild-type LOV protein 14, 15 . In the dark, the flavin:cysteine covalent bond is broken spontaneously and the N5 atom of the FMN chromophore is deprotonated to conclude the photocycle. Thus, photocycling in LOV domains depends on both the formation of a covalent flavin-cysteine adduct and the protonation of the flavin N5 atom.
Recently, Yee et al. showed that the functional light-dependent responses of two LOV photoreceptors, namely of Neurospora VVD and of the artificial LOV histidine kinase YF1, do not strictly depend on the presence of the conserved cysteine 17 . The authors demonstrated that the accumulation of the neutral flavin semiquinone radical FMNH • , and hence flavin N5 protonation, is sufficient to elicit a functional response in photoreceptor variants containing an alanine instead of the photoactive cysteine, although with reduced magnitude compared to the respective wild-type proteins 17 . Similar effects have been reported for plant (Arabidopsis thaliana) and algal (Chlamydomonas reinhardtii) phototropins, in which the LOV1, the LOV2 or both LOV domains were inactivated by replacing the respective photoactive cysteine against alanine [18] [19] [20] .
Interestingly, different LOV variants devoid of the photoactive cysteine show different propensity towards photoreduction. While apparently, VVD-C108A and YF1-C62A can effectively be photoreduced in the presence of oxygen, although quite high light intensities were needed (VVD-C108A, 30 mW 488 nm laser; YF1-C62A, 50 mW cm −2 455 nm light), other LOV variants can only be photoreduced under anaerobic conditions and/or in the presence of external sacrificial electron donors such as ethylenediaminetetraacetic acid (EDTA) [21] [22] [23] [24] . Thus, for LOV variants devoid of the photoactive cysteine it is currently unclear which (structural) factors determine photoreduction efficacy. Moreover, the residues which act as proton/electron donor in the photoreduction process remain largely elusive.
To address this issue we set out to reengineer efficient photoreduction into a LOV protein variant which shows no propensity towards photoreduction in the presence of oxygen. Based on this selection criterion, we chose the very photostable LOV-based fluorescent protein iLOV as engineering target, which is derived from the A. thaliana phototropin-2 (AtPhot2) LOV2 domain 25 . To introduce a potential proton donor (other than cysteine) we substituted a conserved glutamine residue (Q489) in the vicinity of the flavin chromophore for aspartic acid. While the parent iLOV protein cannot be photoreduced in the presence or absence of oxygen and the addition of excess amounts of EDTA is necessary for photoreduction, iLOV-Q489D is efficiently photoreduced in the presence of oxygen. The observed photoreduction pH dependency of iLOV-Q489D, as well as modelling studies, suggest that the introduced Asp acts as proton donor for the photoreduction process. Transient absorption (TA) spectroscopic measurements reveal efficient formation of a very long-lived FMNH • state indicative for the presence of a stabilizing counter radical in the protein. Analysis of the TA data provides evidence that Trp • represents the counter radical in iLOV-Q489D. The presence of an FMN:protein radical pair was further corroborated by electron paramagnetic resonance (EPR) spectroscopy. The sole mutation of individual Tyr and Trp residues (as the potential electron donors) for phenylalanine in iLOV-Q489D did not abolish photoreduction but revealed differences in photoreduction yield and FMNH • formation kinetics, which suggests that more than one of those residues can transfer an electron to the excited flavin chromophore, either by forming a Tyr/Trp cascade similar to cryptochromes 3, 26 or by independently acting as electron donor for FMN photoreduction.
Results
Target protein selection and design rationale. LOV proteins in which the photoactive cysteine has been substituted for alanine cannot undergo adduct formation and thus show an intense cyan-green fluorescence resulting from excitation of the bound flavin chromophore 13, 25, 27 . Those LOV-based fluorescent proteins (LOV-FP), also called flavin-binding fluorescent proteins (FbFPs), represent a promising alternative to reporter proteins of the green fluorescent protein (GFP) family 25, 27 . Compared to GFP and related proteins, LOV-FPs often show reduced photostability 28, 29 . One potential cause for photobleaching is the photoreduction of FMN to the neutral semiquinone radical FMNH • . Thus, a photostable LOV-FP should principally show little or no photoreduction in the presence of oxygen. Dictated by this selection rule we decided to use the iLOV protein 25 , a LOVbased FP with high photostability, as engineering target. The iLOV protein was derived from the LOV2 domain of A. thaliana phototropin-2 (AtPhot2) by substitution of the photoactive cysteine for alanine (C426A; AtPhot2 numbering) and several rounds of DNA shuffling 25 . To achieve efficient FMN photoreduction to yield FMNH • , both an electron and a proton donor are needed. Hereby, the respective electron or proton donating amino acids need to be placed at suitable position in close proximity to the FMN chromophore without disturbing the protein structure. Moreover, they should adopt a conformation that facilitates the transfer. Recently, a study on the LOV1 domain of C. reinhardtii was published, in which a Tyr was inserted as a potential electron donor in close proximity to the FMN chromophore 30 . In this CrLOV1-F41Y mutant, photoreduction of the FMN is favored over adduct formation although the reactive Cys is present. We therefore here decided to use an alternative approach, reengineering proton transfer (pT) while utilizing potential naturally existing electron donors in iLOV for photoreduction. To this end, we introduced an aspartate residue as potential proton donor in close vicinity of the flavin chromophore. Apart from the photoactive cysteine, or the introduced alanine in case of LOV-FPs such as iLOV, only a highly conserved glutamine residue (Q489 in iLOV) is in a suitable position to enable proton transfer. According to the X-ray structure and our previous MD simulations 31 this amino acid forms a hydrogen bond with the FMN-O4 atom and is in close proximity of the FMN-N5 atom (Figure S1 in SI).
Illumination of iLOV-Q489D results in effective formation of FMNH • under aerobic conditions.
As expected for a photostable LOV-FP, the parent iLOV protein does not show any detectable blue-light (0.13 mW cm −2 ) dependent photoreduction under aerobic or anaerobic conditions ( Figure S2A and B) , and the addition of excess amounts of EDTA as electron donor under anaerobic conditions is necessary to photoreduce FMN to FMNH • ( Figure S2C ). In contrast, iLOV-Q489D is readily photoreduced even under aerobic conditions ( Fig. 2A) .
Hereby, the illumination of dark-adapted iLOV-Q489D results in the loss of the absorbance band at around 450 nm, which corresponds to fully-oxidized FMN ox (solid black line). Concomitantly a new species with broad red-shifted absorbance with maxima at around 576 nm and 615 nm (dashed blue line) is formed, corresponding to FMNH •22 . Photoreduction is complete within 150 seconds and proceeds with a lifetime of τ Sq = 25.7 ± 0.2 s ( Fig. 2A , inset). A more detailed analysis of the spectral changes can be found in the SI (Figures S5-S8). Here, i.e. singular value decomposition of a dataset recorded from 250 nm to 650 nm at pH 7.2 provides clear evidence that only two components (FMN ox , FMNH • ) significantly contribute to the spectra, thus essentially ruling out the formation of significant amounts of the anionic semiquinone radical or the hydroquinone. To rule out that the observed photoreduction of iLOV-Q489D is caused by reduced oxygen access to the active site compared to parental iLOV, we determined the efficacy of the reoxidation process after photoreduction for both iLOV-Q489D and parental iLOV ( Figure S2D ). Hereby, reoxidation proceeds similarly fast in iLOV-Q489D (τ FMNox = 1502 ± 27 s) and parental iLOV (τ FMNox = 1376 ± 520 s), suggesting that reduced oxygen access is not the cause for the observed efficient photoreduction of iLOV-Q489D.
To evaluate the pH dependence of the iLOV-Q489D photoreduction process, we carried out identical measurements in a pH range between pH 2.6 and 10.6 ( Fig. 2B ). The spectral changes associated with illumination of iLOV-Q489D at pH 2.6 to pH 10.6 are summarized in Figure S3 . Using this data, the photoreduction yield, defined here as the relative yield of the FMNH • , at a given pH was quantified from UV/Vis spectra by determining the rise in absorbance at 615 nm due to illumination (Fig. 2B ). The photoreduction yield is low at both acidic (<pH 3) and basic (>pH 9) pH values and shows a maximum at pH 7.2. While the very low photoreduction yields observed below pH 4.0 can readily be explained by pH-dependent unfolding of iLOV-Q489D which results in the release of the flavin chromophore from the protein thereby abolishing photoreduction, iLOV-Q489D is stable at high basic pH values (see SI, Figure S4 ). Thus, the low photoreduction yields at basic pH values cannot be attributed to unfolding of the protein. More detailed analyses of the pH-dependent effects can be found in the SI ( Figures S4-S8 ).
In conclusion, when the pH stability ( Figure S4 ) and photodamage ( Figure S7 ) of iLOV-Q489D is taken into account, the observed pH dependence of the iLOV-Q489D photoreduction process appears to be linked to a proton transfer process which is most efficient at neutral pH values. Hence, the side chain of the newly introduced ScIEntIFIc REPORtS | 7: 13346 | DOI:10.1038/s41598-017-13420-1
Asp489 in iLOV-Q489D must be protonated at neutral pH values. Compared to free aspartate (pK a = 3.9) the pK a value of Asp489 must thus be substantially shifted towards more neutral pH values which could be caused by the protein environment [32] [33] [34] . To account for this possibility we computationally introduced the Q489D mutation in the parent iLOV structure (PDB ID: 4EES) and predicted the pK a of the introduced Asp by using the PROPKA 3.1 program 35 . In line with the experimental data, PROPKA predicts a pK a of 6.28 for D489 iLOV-Q489D, which, along with the observed lack of photoreduction in parental iLOV, corroborates the assumption that D489 in iLOV-Q489D acts as proton donor. Additional experimental data and molecular dynamic simulations that strengthen this notion are presented in the Figure S8 .
Transient absorption spectroscopy hints at the formation of a stable FMN:protein radical pair in iLOV-Q498D. In order to gain insight into the mechanistic details upon blue-light excitation, transient absorption (TA) spectroscopy was performed with iLOV-Q489D and parental iLOV. Figure 3A and B show the difference absorption spectra of iLOV-Q489D and parental iLOV extracted from the 2-dimensional TA data measured on a 200 µs time window. The negative absorption band in the range of 410 nm-490 nm can be assigned to the ground-state bleach of FMN ox . Furthermore, a positive fine-structured absorption band above 650 nm can be observed, which decays completely within 100 µs. The positive peak between 360 nm and 410 nm decreases simultaneously within this time range. In the case of iLOV-Q489D ( Fig. 3A) , after 100 µs the transient absorption signal stays constant within the measured time window, with a significant positive contribution between 490 nm and 650 nm and a minor absorption band around 385 nm. In contrast to this, almost no transient absorption signals can be detected for parental iLOV after 182 µs ( Fig. 3B ). To gain further insight into the underlying processes, global lifetime analysis was performed resulting in the decay associated difference spectra (DADS) of iLOV-Q489D ( Fig. 3C ) and parental iLOV ( Fig. 3D ). In both cases two contributing species were sufficient to fit the data. The first DADS, DADS1, decays with a rate constant of 28.0 µs (iLOV-Q489D) and 21.6 µs (parental iLOV), respectively. Next to the negative absorption signal of the ground state bleach of FMN ox , the DADS1 exhibit positive bands between 350 nm and above 495 nm. By comparison with published flavin spectra 36 , these DADS can be associated with the triplet state absorption of FMN. The DADS2 of iLOV-Q489D and parental iLOV are both non-decaying within the measured time window, and both spectra differ strongly. DADS2 of parental iLOV is very weak and looks highly similar to the triplet decay spectrum represented by DADS1, indicating a biphasic triplet decay. The slower decaying component in DADS2 has less than 5% of the amplitude of DADS1. This might indicate a second quenching channel in parental iLOV. DADS2 of iLOV-Q489D, on the other hand, exhibits a strongly positive, fine-structured absorption band between 490 nm and 650 nm and a smaller peak around 385 nm, as well as the negative absorption band of the ground-state bleach of FMN ox . The broad, vibronic fine-structured absorption band above 500 nm is a characteristic feature of FMNH •36-38 indicating that electron transfer occurs in iLOV-Q489D. For direct comparison, the difference spectrum of FMNH • minus FMN ox , derived from steady-state UV/Vis spectra of iLOV-Q489D, is shown together with DADS2 in Fig. 4 . Although the main features are the same, the two spectra differ significantly in the range of 492 nm to 560 nm.
Thus, apparently an additional species contributes to DADS2. The efficient formation of FMNH • in iLOV-Q489D originates from an electron transfer reaction, suggesting that the third component in DADS2 is due to the radical species produced by the electron donor, most likely one of the amino acids of iLOV-Q489D. Natural The dark-adapted sample (solid black line) was illuminated with blue light (0.13 mW cm −2 ) in 5 seconds time increments and sequential spectra were recorded (rainbow coloring) until no further spectral changes did occur (dashed blue line). The last spectrum corresponds to an illumination time of 150 seconds. The inset depicts the time trace of iLOV-Q489D photoreduction derived from the rise in absorbance at 615 nm. Experimental data was fit using a single-exponential decay function (red line) and proceeds with a photoreduction lifetime of τ Sq = 25.7 ± 0.2 s. (B) pH dependence of iLOV-Q489D photoreduction yield. iLOV-Q489D photoreduction, at a given pH, was quantified from UV/Vis spectra by determining the rise in absorbance at 615 nm after 150 seconds illumination. The photoreduction yield is here defined as the relative yield of FMNH • . Photoreduction yields are expressed relative to the maximum value (100%) at pH 7.2. Error bars correspond to the standard deviation of the mean derived from three independent measurements.
candidates are Trp and Tyr. The neutral tyrosyl radical, TyrO • , is known to have solely a narrow absorption peak around 405 nm in the visible range 39, 40 , while the corresponding Trp • has a distinct absorption between 440 nm and 580 nm 41, 42 , indicating that Trp • is more likely the counter-radical of FMNH • . TrpH •+ absorbs as well in the visible range with a broad absorption band between 450 and 650 nm exhibiting a maximum at 560 nm and additionally at 335 nm 42 , but since the neutral FMNH • is formed, the corresponding radical species of the electron donor is most likely also present in its neutral state. As further support for the contribution of Trp • to DADS2 of iLOV-Q489D, we generated a reference spectrum of the tryptophanyl radical in solution at pH 8.0 (see Figure S9 in SI, inset). DADS2 of iLOV-Q489D could be well represented as a linear combination of the difference spectrum FMNH • -FMN ox and the Trp • reference spectrum. The best fit is shown as the red line in Fig. 4 . This strongly suggests that the electron donor responsible for the efficient formation of FMNH • in iLOV-Q489D is W467, the only Trp of the protein.
FMNH • formation occurs from the excited triplet state in iLOV-Q489D. Global lifetime analysis
provides evidence for the formation of the triplet state in both iLOV variants. It is noteworthy that the spectral shape of the DADS1 in Fig. 3C and D differs significantly between 525 nm and 650 nm. When the lifetimes obtained by global lifetime analysis differ considerably (i.e. by more than a factor of 10), each DADS represents the spectrum of the species decaying with this lifetime minus the spectrum of the evolving species. In the case of DADS1 of iLOV-Q489D the decaying species is the excited triplet state of FMN, and the products are the FMN ground state, FMN ox , and -under the assumption that the observed flavin radical is formed via the triplet state-FMNH • . As support for the hypothesis of an electron transfer reaction via the excited triplet state of flavin in iLOV-Q489D, the sum of all DADS of parental iLOV and iLOV-Q489D are shown for comparison in Fig. 3C and D (red lines). The sum of DADS1 and DADS2 represents the initial situation of the iLOV proteins at t 0 immediately after the laser excitation pulse of 10 ns duration, and before any decay processes on the µs-timescale occur. The spectra are identical for parental iLOV and iLOV-Q489D (direct comparison not shown). Since no radical species could be observed in the case of parental iLOV, the t 0 spectrum represents the pure triplet spectrum of FMN in both iLOV variants. We conclude that the observed FMNH • was not already formed at t 0 in iLOV-Q489D. This rules out FMNH • formation from the excited singlet state. Further support is given to this hypothesis by the fluorescence decay time τ fl = 5.0 ns of the S 1 state of iLOV-Q489D. The same value has been reported for parental iLOV 43 . This fluorescence lifetime is characteristic for FMN ox in flavoproteins that do not undergo photoinduced electron transfer from the excited singlet state.
Electron paramagnetic resonance (EPR) spectroscopy reveals the presence of a stable radical pair in iLOV-Q489D. Figure 5 shows X-band continuous-wave (cw) EPR spectra of parental iLOV (black trace) and iLOV-Q489D (blue trace) illuminated with a pulsed 450 nm laser for 20 min at 120 K. More prolonged illumination does not lead to significant changes in the EPR spectra. The EPR spectrum of parental iLOV is composed of a symmetrical line positioned around g = 2.0034 with partially resolved hyperfine structure. This spectrum is virtually identical to that of the neutral semiquinone FAD radical in Escherichia coli DNA photolyase reported previously 44 . In contrast, the EPR spectrum of iLOV-Q489D spreads over a larger frequency range (~15 mT). It is thus much broader than EPR spectra of individual radicals expected in the system, i.e. FMNH •44 , tyrosine 45 or tryptophan [45] [46] [47] [48] radicals. The nature of this signal was revealed using the electron spin echo nutation experiment. Here, a preparation microwave pulse of variable duration is inserted in the pulse sequence before the Hahn echo detection block, and the oscillation (nutation) of the echo signal is monitored as a function of the preparation pulse length (t p ). The frequency of the EPR signal oscillation with increasing preparation pulse length (nutation frequency, ν nut ) is related to the spin quantum numbers (S, m s ) of the excited EPR transition 49, 50 according to the equation:
where ν nut is the nutation linear frequency, ω 1 is the microwave field strength in angular frequency units, and the α factors describing the transitions in S = ½ and S = 1 spin manifolds are α = 1 and α = 2 , respectively. The nutation curves recorded at two magnetic field positions for iLOV-Q489D are shown in Fig. 5B .
Their Fourier transforms are depicted in Fig. 5C . At the low field position the nutation spectrum demonstrates a single peak whereas in the center it is composed of two well resolved peaks with a frequency ratio of 1.4 (see Fig. 5C ). Thus, the broad spectral contribution is assigned to a triplet T (S = 1) state species. The spectral intensity in the center stems as expected from doublet D (S = ½) radical species (see Figure S10 ). The simulation of the EPR spectrum using overall inhomogeneous spectral line width of Gaussian shape of 3 mT yields the fine structure parameter of |D| = 4 ± 1 mT and |E| = 0 (see Figure S11 ). The parameter D is directly connected to the distance r between two spins:
assuming g-values of paired radicals to be equal to those of the free electron g e . Thus, the estimated D value corresponds to 9 ± 1 Å electron-electron distance in point dipole approximation, i.e. neglecting spin distribution over the radical structures. This estimate gives the shortest possible distance, because neither the real spectral shapes of individual radicals nor the spin density distribution can be taken into account in the analysis. In order to obtain Fig. 3 , (C)) shows typical spectral features of FMNH • with a peak around 390 nm and a fine structured, broad absorption band between 490 nm and 670 nm. For direct comparison, the difference spectrum of FMNH • -FMN ox , obtained in the steady state UV/Vis spectra, is shown (blue line). To account for the differences in the range of 490 nm to 550 nm, the contribution of Trp • (green line) is necessary for spectral fitting of DADS2.
additional information about possible electron transfer pathways, annealing experiments were performed. The EPR spectrum of iLOV-Q489D was continuously monitored while the sample temperature was increased from 120 K up to 200 K (about the glass transition temperature of water/glycerol solution), no changes were observed. Above 200 K the spectrum changes, the broad contribution continuously disappeared in favor of a narrow line at g = 2.0034. The spectrum recorded at 120 K after sample equilibration at 240 K for 10 minutes is shown in Fig. 5A (green line). This spectrum mostly contains the contribution from FMNH • . It is in good agreement with one recorded after room-temperature illumination and subsequent trap freezing in liquid nitrogen (data not shown). Taken together, EPR spectroscopy performed at low temperature corroborates the presence of a flavin:protein radical pair, which was also observed at room temperature in transient absorption (TA) measurements of iLOV-Q489D. While no radical formation is observed for parental iLOV in room-temperature TA measurements, FMNH • is detected at low temperatures by EPR, although with a much lower amplitude.
Mutational analysis of the electron transfer pathway in iLOV-Q489D suggests the involvement of multiple Tyr/Trp residues. As potential electron donors for the photoreduction process, and hence candidates for the amino acid constituting the counter protein radical, iLOV-Q489D possesses three tyrosines (Y416, Y459 and Y484) as well as the above mentioned tryptophan (W467). In the X-ray structure of parental iLOV ( Figure S12 ) they are located at an edge-to-edge distance of 9.9 Å (Y416), 9.1 Å (Y459), 10.2 Å (Y484) and 10.8 Å (W467) from the FMN molecule (for details see Table S1 ). Hence, based on the above presented EPR experiments, which revealed a minimum electron-electron distance of 9 ± 1 Å between the flavin radical and the protein radical, none of those residues can be excluded as potential electron donor. To address this issue, we generated variants of iLOV-Q489D in which the Tyr and Trp residues were substituted for phenylalanine. The corresponding double mutants were expressed, purified and characterized in an identical manner as parental iLOV and iLOV-Q489D. Surprisingly, all double mutants showed photoreduction in the presence of oxygen ( Figure S13) . The detailed analysis of the photoreduction yield and FMNH • formation kinetics is given in Table 1 . Among the double mutants, only iLOV-Q489D/W467F showed a significantly reduced photoreduction yield (89 ± 0.5%) relative to iLOV-Q489D. All other double mutants showed photoreduction yields that were, within the error of the measurement, identical to the one observed for iLOV-Q489D. Compared to iLOV-Q489D all variants showed significantly faster FMNH • formation (see τ Sq in Table 1 ), while the reoxidation process was not affected ( Figure S13 ). Since iLOV-Q489D/W467F shows efficient photoreduction although the electron donor Trp, identified by TA, has been substituted for Phe, we additionally performed TA measurements of this variant. Global lifetime analysis of the 2D TA data of iLOV-Q489D/W467F results in two DADS ( Figure S14 ) similar to the spectra we observed in the case of iLOV-Q489D: DADS1 can be associated with the excited triplet state of FMN and decays with τ = 108 µs. This is by a factor of four slower compared to iLOV-Q489D and parental iLOV. DADS2 of iLOV-Q489D/W467F, on the other hand, is characterized by the typical absorbance of FMNH • , which is formed via the excited triplet state as indicated by the t 0 spectrum. Since iLOV-Q489D/W467F is lacking the Trp, which we identified to serve as the counter radical of FMNH • in iLOV-Q489D, the DADS2 of both iLOV variants are compared in Fig. 6 . Both DADS2 are scaled to the same value at 620 nm. At this wavelength only FMNH • absorbs in iLOV-Q489D and Q489D/W467F. When comparing both spectra, it can be clearly seen that DADS2 of iLOV-Q489D (black line) has more positive absorption in the range of Trp • absorption from 490 nm to 575 nm than DADS2 of iLOV-Q489D/W467F (red line). However, it should be noted that the amplitude of the ground-state bleach differs between the two iLOV spectra. This is due to positive absorption of Trp • until 440 nm (see Fig. 4 ) and a certain fraction of irreversible photodamage of iLOV-Q489D/W467F during the TA measurement. When comparing DADS2 of iLOV-Q489D/W467F with the difference absorption spectra of FMNH • , obtained by linear combination of the steady-state spectra of FMNH • and FMN ox , both spectra are in good agreement above 420 nm. Subtraction of the difference absorption spectrum of FMNH • from DADS2 of iLOV-Q489D/W467F yields the spectrum shown in the inset in Fig. 6 . The typical narrow absorption band at 400 nm with a shoulder at 380 nm can be assigned to the neutral radical of tyrosine, TyrO • , blue-shifted by 10 nm compared to previously reported spectra 39, 40, 51 . The observation of TyrO • demonstrates that one of the tyrosines of iLOV-Q489D/W467F substitutes W467 as the counter-radical of FMNH • . 
Discussion
A recurrent theme observed in various flavin-binding photoreceptors is the light-driven photoreduction of oxidized flavin via electron transfer (eT) and subsequent proton transfer (pT) reactions to yield the neutral semiquinone radical FMNH •3 . Very recently, it was shown for different LOV photoreceptors that FMNH • formation (photoreduction) in LOV variants lacking the photoactive cysteine residue, suffices to elicit a functional response of the photoreceptor 17 . Hereby, recent simulations suggested, that the initial structural response of LOV domains, i.e. the glutamine amide flip (i.e. Q182 in VVD) occurs in response to either adduct formation or reduction of the isoalloxazine ring to the FMNH • , both of which involve N5 protonation. In different cysteine-less LOV proteins, the propensity for FMN photoreduction seems to vary widely and, most importantly, the residues involved in eT and pT reactions remain largely elusive, although a [FMN •−… Trp •+ ] radical pair has been identified before in cysteine-less LOV domains by NMR-based photochemically induced dynamic nuclear polarization (photo-CIDNP) studies [52] [53] [54] [55] . Though, to the best of our knowledge, a stable [FMNH •… Trp • ] radical pair has so far not been observed directly. We therefore set out to reengineer the photochemistry of the flavin chromophore in the photostable LOV-based fluorescent protein iLOV, which lacks the photoactive cysteine. The photostability of the protein hereby suggests that iLOV is not prone to photoreduction in the presence of oxygen, rendering it the ideal target protein for studying and introducing eT and pT reactions. The aforementioned detection of a [FMN •−… Trp •+ ] radical pair in cysteine-less LOV domains via photo-CIDNP [52] [53] [54] [55] suggests that eT pathway(s) are naturally present in these proteins. Given the conserved nature of the flavin-binding pocket in LOV proteins, we reasoned that the most important step for stabilizing FMNH • in iLOV would be the introduction of a suitable proton donor. We therefore introduced an Asp residue at the position of a highly conserved Gln (Q489) which in parental iLOV is forming H-bonds to the FMN chromophore. The steady-state UV/Vis spectra show that, while parental iLOV cannot be photoreduced in the presence or absence of oxygen ( Figure S2 ) without the addition of an external sacrificial electron donor ( Figure S2 ), iLOV-Q489D is efficiently photoreduced in the presence of oxygen rapidly accumulating FMNH • during illumination (Fig. 2) . The observed pH dependence of the photoreduction process as well as modelling studies suggest that the newly introduced Asp is (at least partially) protonated at neutral pH values and hence can serve as proton donor. Our EPR studies provide evidence for the formation of a stable protein:FMN radical pair in iLOV-Q489D with a minimum electron-electron distance of 9 ± 1 Å at low temperatures (Fig. 5 ). Room-temperature transient absorption (TA) spectroscopy of iLOV-Q489D identified this protein:FMN radical pair to be [FMNH • … Trp • ], suggesting the only Trp of iLOV-Q489D, W467, to be the electron donor for flavin photoreduction (Fig. 4) . FMNH • formation thereby occurs with the same kinetics like the decay of the triplet state, FMN •− was not observed. Since hydrogen transfer is a rather unlikely process, we assume that the reaction in iLOV-Q489D proceeds as a sequence of electron transfer followed by proton transfer. The obvious conclusion then is that pT must be much faster than eT. We estimate that we should be able to see the radical anion intermediate in TA if it has a peak concentration of 10% of the concentration of the neutral radical. This corresponds to a ratio of the rate constants for formation and decay of the radical anion of ca. 0.14 or a lifetime of the radical anion of less than 3.8 µs. Electron transfer from a Trp residue to FMN and subsequent protonation via an aspartic acid nearby the FMN-N5 is known from plant cryptochromes (CRY) 56, 57 . There, eT occurs via a Trp cascade in the ps time-range, while the protonation step varies between ns and µs 58, 59 . In the case of the PHR domain of the algal CRY Chlamydomonas photolyase homologue 1, a lifetime of protonation of ca. 1.7 µs has been reported 58 , which was considered exceptionally slow. In other cases, however, very long lifetimes of the FMN radical anion have been observed where no proton is available for proton transfer 60 . Hence, we conclude that the proton provided by D489 neutralizes FMN •− in iLOV-Q489D much faster than it is formed by eT.
In A. thaliana CRY the Trp triad is constituted by W400, W377 and W324 26,59 located at an edge-to-edge distance of 4.5 Å, 9.7 Å and 14.7 Å from the FAD chromophore (see Supplementary Materials, Table S2 ), with the closest Trp (W400) representing the initial electron donor for FAD photoreduction 59 . In iLOV-Q489D, all redox-active amino acids, namely Y416, Y459, Y484 and W467, are located at an edge-to-edge distance of about 10 Å (see Supplementary Materials, Table S1 ). Likewise, photoreceptors of the BLUF family were suggested to undergo related photochemical reactions. While still under debate 3 , the BLUF photocycle may involve the ultrafast (ps) formation of FMNH • as part of a radical-pair intermediate between the flavin and a conserved Tyr 61 . In iLOV-Q489D, the larger distance of W467 (10.8 Å) compared to W400 in AtCRY (4.5 Å) or Y8 of the Slr1694 BLUF protein (4.9 Å), could account for the eT reaction occurring in the µs-time range via the triplet state of FMN, compared to eT on the ps time scale from the singlet state in CRY 58, 59 .
In the present study, exchanging Q489 with Asp in the iLOV protein resulted in efficient FMN photoreduction yielding very stable FMNH • . Parental iLOV, on the other hand, did not possess any propensity for photoreduction in the presence of oxygen without the addition of the external electron donor EDTA in our steady-state UV/ Vis experiments ( Figure S2) . In contrast to this, EPR spectroscopy at low temperatures reveals flavin radical formation in parental iLOV, although with a much lower amplitude compared to iLOV-Q489D (Fig. 5A) . Also in our TA data, we could not detect any radical intermediate or transient species other than the FMN triplet state in the case of parental iLOV, but the triplet decay time is in the same time-range than the one of iLOV-Q489D ( Fig. 3 ), suggesting that either the triplet state of parental iLOV has a quenching channel not present in iLOV-Q489D, or parental iLOV also undergoes eT. Partial quenching of the FMN triplet state has been observed in other LOV proteins lacking the reactive Cys 15, 30, 62 . There, varying accessibility of molecular oxygen into the binding pocket of the proteins has been suggested to constitute an additional deactivation channel of the FMN triplet state. We can rule out different oxygen accessibility in the case of iLOV since the dark reversion from FMNH • to FMN ox is very similar for parental iLOV and iLOV-Q489D ( Figure S2D ). Assuming eT occurring in parental iLOV, the radical anion formed by eT from the triplet state must decay to the ground state by a recombination process with the rate k R that is faster than the rate of eT, k eT . As depicted in Fig. 7 (black text) [52] [53] [54] [55] . There, the electron donor could be identified to be the only Trp of the LOV domains with a comparable distance between FMN and Trp like in iLOV. According to these studies, it was not possible to detect the radical pair with other techniques like EPR or optical spectroscopy either due to the short lifetime of this radical pair or because the electron spin-relaxation is too fast for direct excitation.
In iLOV-Q489D however, k BeT and k R are suppressed due to the fast protonation of FMN-N5 by D489 ( Fig. 7 , red text), which removes the coulombic driving force for recombination. The difference in triplet decay times between iLOV-Q489D and parental iLOV could be due to the exchange of Gln with Asp: Replacing an amino side chain with an acidic side chain near FMN-N5 leads to an increase of the redox potential of the cofactor 63 . Hence, the driving force for electron transfer is larger in parental iLOV compared to iLOV-Q489D resulting in the faster triplet decay time.
Our mutational analysis reveals that substituting the redox-active amino acids in iLOV-Q489D, each at a time, has minor influence on the eT efficacy: the kinetics of FMNH • formation in the steady-state UV/Vis experiments exhibit some variation when substituting Trp467 or one of the Tyr residues by Phe (Table 1 ). This can be due to conformational changes in the proteins induced by the mutations, influencing the distances and orientation of donor and acceptor for eT. For instance, it has been shown in the DASH-type cryptochrome CRYD that even subtle changes in the geometry or local sequence of amino acids can result in a diversity of eT pathways 64 .
Another possibility is that more than one of the mutated residues contributes to the photoreduction process. Hereby, Y416, Y459 and W467 could form a triad, similar to the Trp triad in CRY 26, 59 . Our TA data, however, show that the counter radical of the eT to FMN is a Trp, except when the only Trp in iLOV is replaced by Phe, in which case the counter radical is Tyr. Furthermore, the mutation W467F significantly reduces the photoreduction yield (Table 1 ) and has strong impact on the lifetime of the FMN triplet state, which is not expected if eT from Tyr is the initial step in both variants. Although we cannot completely rule out the existence of an eT cascade in iLOV-Q489D, we prefer the interpretation that eT from Trp is more efficient than eT from Tyr, since the side chain of Trp has a greater reactivity towards the azide radical than the Tyr side chain. Hence, if both electron donors are present, indole oxidation is predominant 65 . As a result, in iLOV-Q489D eT from Tyr is only observed when Trp is no longer present. The decrease in driving force when Tyr is acting as the electron donor instead of Trp also explains the increase of the triplet decay time in iLOV-Q489D/W467F, where only Tyr are present. The distance between these Tyr and FMN is comparable to the one between W467 and FMN (see Supplementary Materials, Table S1 ). The electron transfer process in iLOV-Q489D/W467F becomes less efficient compared to iLOV-Q489D, but due to the fast protonation of FMN •− , FMNH • is stabilized and can be detected via TA.
Recently, a comprehensive LOV protein sequence dataset was provided by Glantz and co-workers 7 . To address the issue of conservation of the respective eT and pT reactions observed in iLOV-Q489D, we analyzed this dataset for conservation of the respective amino acid positions. Figure 8 depicts the sequence logo obtained from a multiple sequence alignment of 1975 LOV domain sequences extracted from 7 as well as a superposition of various LOV domain structures highlighting the structural conservation of the respective residues.
The conservation analysis suggests that the residues constituting the eT pathway in iLOV-Q489D are highly conserved among LOV domains ( Fig. 8, B marked by blue asterisk). Likewise, Q489 is highly conserved (Fig. 8,  B , red asterisk), i.e. no potential proton donating residues are found at the respective positions, suggesting that evolution eventually has favored a Cys-adduct dependent LOV photochemistry over FMN photoreduction.
In the present study, efficient FMN photoreduction could readily be engineered into the iLOV protein, which in its "native" form did not possess any propensity for photoreduction in the presence of oxygen. Hereby, introduction of a potentially proton donating Asp residue close to the FMN chromophore appears to be of primary importance as the small size of the LOV domain apparently provides ample possibilities for eT from redox-active amino acids. Sequence analyses suggested that the eT pathway involving multiple Tyr and Trp residues is conserved among LOV proteins. Furthermore, our findings suggest that, while the propensity for photoreduction is evolutionary imprinted in all LOV domains, the efficacy of FMNH • formation, which varies widely in the corresponding cysteine to alanine mutants of different LOV domains, is determined by the possibility for an efficient pT either from an amino acid residue in the proximity of FMN chromophore (as in iLOV-Q489D) or from a Figure 7 . Proposed triplet-state mechanism of parental iLOV (black) and iLOV-Q489D (red). D represents the electron donor, i.e. Trp467. k eT : rate of eT; k BeT : rate of back electron transfer; k R : recombination rate; k ISC : rate of intersystem crossing.
water molecule to stabilize FMNH • . In the latter case, a subtle balance would be needed between rigid anchoring of the FMN chromophore (for efficient eT) and the access of water to enable pT. The apparent easy adaptability of the LOV photochemistry to follow a route with intriguing similarity to other flavin-binding photoreceptors such as CRY and BLUF provides a rational basis for the evolutionary success of the flavin cofactor to act as light absorbing chromophore in various structurally and evolutionary unrelated blue-light photoreceptors, and underpins the hypothesis that todays' adduct forming LOV photoreceptors evolutionary derive from ancestral redox-active flavoproteins 17 .
Materials and Methods
Bacterial strains, plasmids and site-directed mutagenesis. All bacterial strains used in this study were either grown in Luria-Bertani (LB) broth or in autoinduction (AI) terrific broth (TB) media as described previously 29, 31 . The gene coding for the parent iLOV protein (Addgene plasmid pGEX-iLOV (Addgene ID: 26587) and the iLOV-Q489D variant encoding gene were obtained in custom synthesized form from Life Technologies (Thermo Fisher Scientific Inc, Waltham, MA, USA). Both genes were flanked by a 5′-NdeI and a 3′-SalI restriction endonuclease recognition site. The Q489D variant was generated by including an aspartate codon (nucleotide sequence: GAT) instead of the parental Q489 codon (nucleotide sequence: CAG) during gene synthesis. The codon-usage was not optimized during gene synthesis. The restriction endonucleases NdeI and SalI were utilized to subclone the respective synthetic genes into pET28a as expression vector (Novagen/Merck, Darmstadt, Germany) resulting in pET28_iLOV and pET28a_iLOV-Q489D, respectively. The double variants iLOV-Q489D/ Y416F, iLOV-Q489D/Y459F, iLOV-Q489D/Y484F and iLOV-Q489D/W467F were generated by Quikchange PCR according to the instructions given by the manufacturer (Stratagene, La Jolla, CA). Oligonucleotide sequences as well as detailed procedures are described in the Supporting Information. The corresponding gene products contained a 20 amino acid N-terminal hexa-histidine tag (His6), which is encoded on the pET28a plasmid. All final expression vectors were verified by sequencing (SeqLab GmbH, Göttingen, Germany).
Protein production and purification. All constructs were expressed as His 6 -tagged fusion proteins in E. coli BL21(DE3) to facilitate purification by immobilized metal-ion affinity chromatography (IMAC) as described previously 29, 31 . Purified protein samples were stored at 4 °C in 10 mM sodium phosphate buffer, pH 8.0 supplemented with 10 mM NaCl (storage buffer) or 200 mM sodium phosphate buffer, pH 7.2 supplemented with 10 mM NaCl.
Photoreduction of parental iLOV and iLOV-Q489D under aerobic and anaerobic conditions.
Steady-state UV/Vis spectrophotometric measurements were carried out under dim-red safety light using a Cary-60 UV/Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) equipped with a peltier-thermostatted (25 ± 2 °C) single-cell cuvette holder. All samples were kept in the dark for at least 2 hours before use. All iLOV-Q489D samples were diluted (1:10) to an OD 450nm of 0.1 in 200 mM sodium phosphate buffer pH 7.2 supplemented with 10 mM NaCl. For the measurement under aerobic conditions sample illumination was achieved by using a blue-light emitting high-power LED (Luxeon Lumileds, Phillips, Aachen, Germany) (0.13 mW cm −2 ) mounted on top of the cuvette. LED illumination was controlled using an Arduino UNO (Smart Projects, Italy) microcontroller as described previously 66 . Illumination was pulsed (5 seconds illumination time) to precede each sequential UV/Vis scan and spectra were recorded every 30 seconds for up to 15 minutes. To monitor photoreduction in the absence of oxygen, the respective diluted protein solution was degassed by bubbling the solution for 15 minutes with Argon in a 1 cm quartz cuvette closed with a rubber septum. The corresponding degassed protein solution was illuminated for up to 45 minutes by removing the cuvette from the sample holder and illuminating the solution from the side of the cuvette. pH-dependent photoreduction under aerobic conditions. All UV/Vis spectrophotometric measurements were carried as described above. All iLOV-Q489D samples were diluted (1:10) to an OD 450nm of 0.1 using buffers of the appropriate pH. For measurements in the range of pH 2.6-7.0, samples were diluted with 200 mM citrate/phosphate buffer supplemented with 10 mM NaCl. For measurements at pH 8.0, 200 mM sodium phosphate buffer supplemented with 10 mM NaCl was employed for dilution. In the pH range from 8.6 to 10.6, samples were diluted with 200 mM glycine/NaOH buffer supplemented with 10 mM NaCl. The final pH for each measurement was verified using mock samples containing storage buffer instead of protein using an identical dilution as employed for sample measurements. Sample illumination was achieved as described above. To account for pH-dependent unfolding, samples were diluted as described above and sequential UV/Vis spectra were recorded. Transient absorption (TA) spectroscopy. Transient absorption spectroscopy (TA) in the µs-time range was performed using a streak camera (C7700, Hamamatsu Photonics) setup. The samples were excited at 447 nm using an OPO pumped by a Nd:YAG laser (Surelite II, Continuum) with a pulse width of 8 ns. The laser energy was adjusted to be around 10 mJ/pulse in front of the cuvette. The protein solutions were pumped through a fused silica cuvette with 2 mm optical length for excitation and 10 mm path length for probe light during the measurements using a peristaltic pump in order to exchange the sample volume between two excitation cycles. Samples were diluted to an optical density of ~0.5 at 450 nm in a total volume of ca. 10 mL. Each measurement was performed as a sequence of 100 excitation cycles with one cycle consisting of four individual streak images taken with a frequency of 1 Hz: I L , P , I D , I P , I D . I L , P refers to an image with both laser and probe light, I D being a dark spectrum and I P probe light only. iLOV data were collected on a 200 µs time window. The setup is described in further detail in 67 .
For the Trp • /Cys • reference spectrum, FMN was dissolved in 10 mM sodium phosphate buffer, pH 8.0 supplemented with 10 mM NaCl at a concentration of 40 µM, resulting in an optical density of 0.5 at 450 nm. To this solution either L-Trp or L-Cys was added at a concentration of 100 mM. TA was measured on a 20 µs time window.
Electron paramagnetic resonance (EPR) spectroscopy. EPR measurements were performed with a Bruker ELEXSYS E580 X-band EPR spectrometer equipped with the Oxford helium flow cryostat and the dielectric EN 4118X-MD5 EPR resonator at 80 K. The sample solutions in quartz tubes (4.8 mm O.D. and 3.8 mm I.D.) were inserted into the precooled EPR resonator. Sample illumination was performed using the output of InnoLas laser equipped with OPO at 450 nm, 10 Hz, 5 mJ on the sample surface. Continuous wave (cw) EPR spectra were recorded at 120 K using low microwave power of 4 µW in order to avoid saturation and 0.3 mT magnetic field modulation at 100 kHz. All pulsed EPR experiments were performed at 60 K. Echo-detected (ED) field-swept spectra were acquired at 120 K with the Hahn-echo pulse sequence t p −τ−2t p −τ−echo using t p = 20 ns and τ = 150 ns. Electron spin nutation experiments were performed with the t prep −Τ−t p −τ−2t p −τ−echo sequence using t prep = 2-1400 ns incremented in 2 ns steps, t p = 30 ns, T = 3 ms and τ = 800 ns.
Data analysis. Determination of photoreduction yield and FMNH • formation kinetics. Photoreduction
yields at a given pH, quantifying the conversion of oxidized FMN (FMN ox ) to the neutral FMN semiquinone radical (FMNH • ), were obtained from UV/Vis spectra by determining the rise in absorbance at 615 nm due to illumination over 150 s illumination time. Spectra were normalized to the initial absorbance of the oxidized flavin at 450 nm, to account for slight differences in protein concentration due to dilution. The photoreduction lifetime for FMNH • formation τ Sq at a given pH was obtained by plotting the rise in absorbance at 615 nm (Abs 615nm ) against the illumination time and fitting the data to a single exponential decay function employing Origin 9.0 G (OriginLab corporation, Northampton, MA, USA) using the following equation:
Analysis of TA data. The two dimensional data sets obtained from TA measurements were analyzed using home-written software. The details are described in ref. 67 In short, global lifetime analysis is applied to the data to obtain the decay associated difference spectra (DADS) by fitting the data to the expression:
where ΔA(t,λ) refers to the measured data matrix, ⊗ − g t t ( ) app 0 indicates convolution with the apparatus function approximated by a Gaussian, δ t ( ) is the Dirac delta function and N is the number of decay components considered. The result of this fit are the rate constants k j = 1/τ j and the corresponding decay associated difference spectra (DADS), D j (λ). The spectrum D 0 (λ) accounts for the contribution of processes that are faster than the time resolution of the apparatus, e.g. fluorescence and laser stray light. The resolution of the streak camera of 1 pixel corresponds to a time of ca. 400 ns for the time windows chosen. A least-square algorithm was used in order to identify the species that contribute to DADS2 of iLOV-Q489D ( Fig. 3) . A linear combination of reference spectra was formed to calculate the model spectrum, and the coefficients were optimized. The reference spectra for FMN ox and FMNH • were taken from the steady state measurements. The signal to noise ratio of the steady state UV/Vis spectra is much better than the reference spectrum of Trp • obtained by TA. Therefore, the noise level of the Trp • was reduced by singular value decomposition (SVD) prior to fitting.
Analysis of conservation of amino acid residues. To construct a comprehensive multiple sequence alignment for LOV domain sequences, we made use of the recently published LOV amino acid sequence dataset presented by Glantz et al. 7 The second Excel table in the supplement of 7 contains 5499 non-redundant LOV photoreceptor sequences, from which we extracted the LOV/TLOV domain according to the domain annotation given in the table. Reduction of redundancy below 94% with Jalview 68 reduced the number of sequences to 1983 sequences. A multiple sequence alignment was generated using MAFFT-FFT-NS-I 69 in Jalview. Additionally, some sequences with insertions around the catalytic Cys were manually deleted to remove gaps, resulting in an alignment of 1975 LOV domain sequences. The sequence logo was generated with Skylign 70 .
